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The use of sequestered carbon dioxide (CO2) as the heat exchange ﬂuid in enhanced geothermal system
(EGS) has signiﬁcant potential to increase their productivity, contribute further to reducing carbon
emissions and increase the economic viability of geothermal power generation. Coupled CO2 seques-
tration and geothermal energy production from hot dry rock (HDR) EGS were ﬁrst proposed 15 years ago
but have yet to be practically implemented. This paper reviews some of the issues in assessing these
systems with particular focus on the power generation and CO2 sequestration capacity. The Habanero
geothermal ﬁeld in the Cooper Basin of South Australia is assessed for its potential CO2 storage capacity if
supercritical CO2 is used as the working ﬂuid for heat extraction. The analysis suggests that the major CO2
sequestration mechanisms are the storage in the fracture-stimulation damaged zone followed by
diffusion into the pores within the rock matrix. The assessment indicates that 5% of working ﬂuid loss
commonly suggested as the storage capacity might be an over-estimate of the long-term CO2 seques-
tration capacity of EGS in which supercritical CO2 is used as the circulation ﬂuid.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
It is widely accepted that anthropogenic carbon dioxide (CO2)
emissions into the atmosphere is one of the major causes of global
warming (Metz et al., 2005). Although the ultimate solution is to
move away from our dependency on fossil fuels, it is unlikely that
this dependency will be eliminated in the near future. Various
techniques have been explored to capture and store emitted CO2
including natural sequestration of CO2 in plants and carbon in soil
and the storage of CO2 in geological reservoirs or geological
sequestration (Huisingh et al., 2015).
Broadly speaking, geological storage refers to any method that
results in the permanent storage of CO2 beneath the surface of the
Earth. This could include injection of CO2 underground purely for
the purpose of storage (e.g. in a depleted oil or gas ﬁeld) or the use
of CO2 as a working ﬂuid to assist/enhance industrial production
whilst simultaneously achieving the permanent storage of CO2.u).
f Rock and Soil Mechanics,
ics, Chinese Academy of Sci-
hts reserved.Over the past decade or so much research has focused on the latter
category because of the additional ﬁnancial beneﬁt, which makes it
more likely that large-scale commercial operations will be estab-
lished using techniques in this category (Xie et al., 2014).
Most of the work in the use of CO2 to assist/enhance production
has been in CO2 enhanced oil recovery (CO2-EOR), CO2 enhanced
gas recovery (CO2-EGR), CO2 enhanced coal-bed methane recovery
(CO2-ECBM), CO2 enhanced shale gas recovery (CO2-ESGR), CO2
enhanced geothermal system (CO2-EGS), CO2 enhanced uranium
leaching (CO2-EUL), and CO2 enhanced saline water recovery (CO2-
EWR) (Li et al., 2015a). A detailed discussion of these techniques
was documented in ACCA21 (2014). Of these techniques, CO2-EOR
is perhaps the most developed and there are many commercial
operations in Canada, China and USA (Manrique et al., 2010;
ACCA21, 2014; Lv et al., 2015). The other techniques are still
mainly in the development stage although research has, to date,
demonstrated their signiﬁcant potential (ACCA21, 2014; Li et al.,
2015b).
CO2 has different phases and it readily becomes a supercritical
ﬂuid (scCO2) as it reaches its critical point at a temperature of
31.1 C and a pressure of 7.38 MPa. In its supercritical state, CO2 has
some desirable properties that make it very useful in a wide range
of industrial applications. For example, the density (r) of scCO2 is a
little less than that of water but it has a much lower viscosity (m, r/m
of scCO2 is about 1.7 times that of water at a temperature of 200 C),
C. Xu et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 50e59 51higher compressibility and expandability (i.e. higher expansion
coefﬁcient), and a surface tension of almost zero. These properties
make it much easier for scCO2 to ﬂow within pores or fractures in
rock masses and make scCO2 almost an ideal working ﬂuid for
reservoir fracture stimulation, pressure expulsion (e.g. for EOR,
EGR, ESGR, EWR) or ﬂuid circulation (e.g. for EGS). The scCO2 is also
a strong extraction solvent for heavy oil or other organic matter
and, when mixed with oil, it reduces signiﬁcantly the viscosity and
density of oil and therefore can enhance signiﬁcantly the recovery
rate (EOR). The high compressibility and expandability of scCO2
make it easier to maintain a high buoyancy force within the
reservoir so as to enhance the production rate (EGS, EOR, EGR). For
CO2-EGS, scCO2 has the added advantage of reducing scaling in both
the reservoir and the circulation system, which is a serious problem
in geothermal applications. The scCO2 is much less likely to dissolve
in-situminerals comparedwith the highly corrosive brine normally
encountered in EGS reservoirs. During the process of enhancing
production, scCO2 will dissipate from the injection well, become
trapped within the pores or fractures in rock masses, react with
other minerals or dissolve in water and hence achieve permanent
geological storage.
This paper assesses the CO2 storage capacity for CO2-EGS, taking
the Habanero reservoir as an example. In EGS, the working ﬂuid
normally considered is water (or brine). Brown (2000) was the ﬁrst
to suggest the use of scCO2 as a working ﬂuid for EGS. He identiﬁed
three major advantages of using scCO2 instead of water as the
working ﬂuid taking the Fenton Hill reservoir as an example: (1)
the buoyancy force is equivalent to adding an additional 22 MPa of
pressure difference between the injection and productionwells and
hence increases the mass production rate signiﬁcantly; (2) as it
does not dissolve minerals in the reservoir, its use could potentially
eliminate the scaling problem in the system; (3) hot dry rock (HDR)
reservoirs with temperatures in excess of the critical temperature
for water (374 C) could be developed without the problems
associated with dissolving silica, which could increase the ther-
modynamic efﬁciency of surface power-conversion units. Brown
(2000) also noted that the low heat capacity of scCO2 (40% of the
heat capacity of water) is an unfavourable property as the heat that
can be absorbed per unit weight of scCO2 is lower than that of
water. Although no modelling work was done, Brown suggested
that, after taking into account the additional production rate and
the higher buoyancy force (hence less power is needed to drive the
ﬂuid circulation), a CO2-EGS should produce approximately the
same power as a water-based system if all other conditions are
equal.
EGS reservoirs are pressurised in the heat production process.
The higher pressure within the reservoir compared with its sur-
roundings will force the ﬂuid to diffuse into the surrounding rock
masses through faults, fractures and pores. In general, this ﬂuid loss
is not recoverable unless the reservoir is negatively pressured for a
long period of time. It is, therefore, possible to achieve permanent
storage of CO2 in this application if scCO2 is used as the working
ﬂuid. EGS are normally created in geological formations with very
low permeability, either within the crystalline rock or in the sedi-
mentary layer directly above the basement rock (heat source). In
this case, the reservoir must be stimulated to create fracture net-
works and hence a permeable reservoir with a permeability suit-
able for heat production. Within this context, the estimation of CO2
storage capacity for a given stimulated reservoir and operating
scenario is important in optimising the design not only for energy
production, but also for the required storage capacity. In the work
by Brown (2000), a ﬁgure of 0.3 kg/s (w9460 t/a) of CO2 per 1 MW
of electric power generated was given as a prediction for the
sequestration capacity of EGS reservoirs, although no detail was
given on how this ﬁgure was obtained.2. Enhanced geothermal systems (EGS)
EGS have the potential to provide substantial amount of
renewable energy due to the vast extent of the heat resources
throughout the world (MIT, 2006; Xie et al., 2014). These resources,
however, are in general located at signiﬁcant depths (3e5 km
below the surface) within geological formations of low perme-
ability. For example, although crystalline rocks have signiﬁcant
radiogenic heat, their permeability is at the micro-Darcy or even
nano-Darcy scale (Selvadurai et al., 2005; Bear and Cheng, 2010;
Bundschuh and Suárez-Arriaga, 2010). The permeability of sedi-
mentary rocks overlaying radiogenic heat sources is generally
higher but at the milli-Darcy scale or less (Bundschuh and Suárez-
Arriaga, 2010). Direct circulation of ﬂow through these types of
rocks for heat mining is obviously difﬁcult if not impossible and
requires the additional step of fracture stimulation to create frac-
ture networks within the reservoir, hence the term EGS is used to
describe these types of (enhanced) reservoirs. The fracture network
generated by the stimulation should connect the injection and
production wells to form signiﬁcant ﬂow pathways for the
geothermal ﬂuid. The permeability of open (stimulated) fractures is
generally several magnitudes greater than that of the rock matrix
and thus stimulation is expected to increase the permeability of the
reservoir by several orders of magnitude. This level of increase in
permeability is crucial for creating technically and commercially
viable geothermal reservoirs. For commercial viability, an EGS
reservoir should be able to achieve a ﬂow rate of at least 100 L/s.
The depth and re-engineering of the reservoir impose many
signiﬁcant technical challenges for the commercial exploitation of
EGS. The outcomes frommajor EGS projects around the world over
the past 40 years are very mixed (Tenzer, 2001). The world’s ﬁrst
EGS project, starting in the early 1970s, was at Los Alamos in New
Mexico and was successful in the sense that it proved the concept
by achieving ﬂow circulation between injection and production
wells through the stimulated fractures. The Phase II system pro-
duced 4e6 MW of geothermal power by circulating the ﬂuid at a
rate of approximately 6 L/s at an injection pressure of around
27 MPa. The project stopped in 1995 mainly due to budget short-
falls (Duchane and Brown, 2002; Brown et al., 2012). The Rose-
manowes project in the UK achieved a production rate of 16.7 L/s at
an injection pressure of 10 MPa with a three-well conﬁguration
during its Phase 2C stage, but the project was terminated in 1991
following the inability to seal the reservoir during the Phase 3
stimulation (Parker, 1999). The Ogachi HDR project in Japan ach-
ieved a low circulation rate of about 2 kg/s at awellhead pressure of
13MPawith a two-well conﬁguration aftermultiple stimulations of
the twowells. The project was stopped in 2002 for ﬁnancial reasons
(Kaieda et al., 2005). The Hijiori project in Japan suffered a similar
fate and the project was stopped in 2002 despite having established
a circulation between a four-well system with a production rate of
6.7 kg/s at an injection pressure of 8.1 MPa (Oikawa et al., 2001;
Matsunaga et al., 2005). The European Community Soultz-sous-
Forêt HDR project in France continues to operate. The pilot elec-
tricity plant was constructed in 2007with a capacity of 1.5 MWand
the latest published ﬁgures (for 2011) report a production rate of
23e26 L/s and a net electrical power of 100 kW was produced. The
thermal power produced was 8474 kW and the gross power pro-
duced was 655 kW, suggesting a utilisation efﬁciency of around
7.8% (Albert et al., 2012). This project has taken more than 20 years
and signiﬁcant investments from the European Union to bring it to
this stage. The project is regarded as an R&D project at this stage as
it is still not commercially viable, although it does demonstrate the
potential of HDR EGS. Geodynamics’ Cooper Basin project in South
Australia was started in 2002 (Weidler, 2005; Baisch et al., 2006).
Four wells were drilled and the ﬁnal Habanero 4 (H4) well was
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million US dollars, the pilot plant was established using Habanero 1
(H1) as the injection well and H4 as the production well. The trial
was successful and Geodynamics is now evaluating the commercial
potential of the project. On a smaller scale, the Landau plant in
Germany, with a ﬂow rate of 80 L/s and thermal power of 3MW, has
been running successfully since 2007 and the possibility of
expansion is under investigation (BESTEC, 2012). Although Landau
is a combined EGS and hydrothermal plant, it is the ﬁrst commer-
cially viable project using EGS technology. The total investment was
3.6 million US dollars and it is estimated that income will have
repaid the capital sometime in 2017.
Clearly there is still some ways to go for EGS to become an
accepted, commercially viable, sustainable energy production
technique. Nevertheless, a great deal of progress has been made
since the Fenton Hill project. Signiﬁcant knowledge and experience
have been accumulated in terms of site selection, fracture stimu-
lation, well design and completions, and power plant design. This
expertise will beneﬁt future projects, particularly the new projects
planned in countries such as China, Korea, USA and some European
countries.
3. Habanero geothermal reservoir
The Geodynamics Habanero reservoir in the Cooper Basin of
South Australia is the ﬁrst HDR heat resource in Australia to be
exploited for geothermal energy. The ﬁrst well, H1, was drilled in
2003 to a depth of 4421 m, 753 m into the granite basement rock.
The bottom 282m section is a 6-inch open-hole section and the rest
of the well is cased. The highest temperature recorded was
248.3 C at 4391 m, 30 m above the total depth, which suggests a
likely bottom hole temperature in excess of 250 C. Prior to the
fracture stimulation, a series of injection tests was conducted
which indicated the injectivity of the natural reservoir to be around
1 L/(MPa s). The injection tests also indicated a baseline reservoir
pressure of approximately 35 MPa above hydrostatic which con-
ﬁrms that the Habanero granite is a conﬁned reservoir tightly
sealed from the overlaying sediments with unknown but ﬁnite
volume.
The hydraulic fracture stimulation of the reservoir was done by a
fracture initiation phase followed by twomain stimulation stages. A
total volume of 1700 m3 of water was injected during the fracture
initiation phase, which was designed to open up multiple fractures
to maximise the effects of subsequent fracture stimulation phases.
In the ﬁrst major fracture stimulation stage, a total of 13,000 m3 of
water was injected over a period of about 11 days. The second main
fracture stimulationwas done through casing perforations between
depths of 3993 m and 4137 m and the total volume of water
injected was 3000 m3. During these injections, the peak wellhead
pressure was 69 MPa and the peak injection rate was 63 L/s. More
details of the well completion and the fracture stimulation pro-
cesses can be found in Weidler (2005).
H1 was designed to be the injection well of the future pilot
plant. Based on the seismic event cloud obtained from the fracture
stimulations, the designed production well, Habanero 2 (H2), was
drilled in 2004 about 500 m southwest of H1. H2 intersected the
ﬁrst permeable zone in the granite at 4181 m and a highly stimu-
lated zone at 4325 m, 15 m below the depth predicted by the
seismic analysis. The pressure responses in H1 to mud pumping
cycles in H2 clearly demonstrated the hydraulic connectivity be-
tween the twowells. Unfortunately, a collar failure occurred during
subsequent drilling and about 245 m of the drill string was lost. A
side-track was drilled to complete the well to a depth of 4358 m.
The side-track intersected the two major permeable zones
mentioned above at approximately the same depth (4185 m and4330 m, respectively). H2 was hydraulically stimulated in 2005
with 3800 m3 of water injected. Following this stimulation, H1 was
re-stimulated with a total volume of 17,000 m3 of water injected.
Accordingly, the injectivity of H1 increased to approximately 1.6 L/
(MPa s). However, a blockage in H2 in 2005 resulted in the loss of
the well despite various attempts to pass by the blockage.
Habanero 3 (H3), with a larger diameter of 8.5 inch at the bot-
tom of the well, was drilled in 2007 and completed in 2008, about
560 m northeast of H1. The well was completed at a depth of
4221 m and a temperature of 244 C was recorded at a depth of
4180 m. The well was stimulated in 2008 with 2200 m3 of water
injected to achieve an injectivity of approximately 2 L/(MPa s). A
short-term open-ﬂow circulation test between H1 and H3 in 2008
achieved a ﬂow rate of 18.5 kg/s with a temperature ofw212.5 C at
an injection pressure of 50.8 MPa. This was followed by a period of
closed-loop ﬂow testing between the two wells which achieved a
ﬂow rate of 15.6 kg/s with a temperature ofw212.5 C and an outlet
pressure of 44.8 MPa. A tracer test was also conducted yielding a
breakthrough time of 4 days and a peak return time of 9 days. The
mean residence timewas 23.7 days and 78% of the tracer addedwas
recovered. However, a casing failure near the surface in 2009 led to
the decision on pluging and capping the well.
H4, about 145 m east-northeast of H3 (690 m from H1), also
with a 8.5 inch well design, was drilled in 2012 to the depth of
4225 m. The injectivity of H4 was about 4.5 L/(MPa s) during a local
fracture stimulation conducted in October 2012 when 2500 m3 of
water was injected. An extended stimulation over the following
month with 34,000 m3 of water injected signiﬁcantly improved the
injectivity to a maximum of 16 L/(MPa s). All stimulations were
carried out with a maximum surface pressure of 48.3 MPa. The
open-ﬂow testing achieved amaximum ﬂow rate of 50 kg/s and the
closed-loop circulation test in early 2013 between H1 and H4
achieved a maximum ﬂow rate of 18.9 kg/s at the maximum tem-
perature of 215 C.
The 1 MW electricity generation pilot plant was commissioned
in April 2013 and the trial run of the plant lasted for 160 days and
concluded successfully in October 2013. Currently Geodynamics is
exploring possible commercial exploitation of the geothermal ﬁeld
including a possible six well ﬁeld development plan for a ﬂuid
production rate of 90e120 kg/s (Geodynamics, 2014).
As a summary for this section, Table 1 lists the ﬁgures discussed
above related to the development of the Habanero geothermal ﬁeld
(Weidler, 2005; Wyborn, 2012; Geodynamics, 2014).
4. Habanero reservoir fracture model
During the fracture stimulation process, the surfaces of existing
fractures can slip against each other due to the reduction in effec-
tive normal stress acting across the fractures; the misalignment of
surface proﬁles results in dilation and hence increases the perme-
ability of the fractures. New fractures can also be created during the
stimulation process if the hydraulic pressure is high enough to
overcome the minimum in-situ compressive stress. The Habanero
basement rock is coarse-grained granite and pre-existing fractures
are believed to be cemented with quartz; this belief is supported by
core samples collected from other wells in the area. The estimated
ratios of the principal stresses (shmax:shmin:sv) in the Habanero
ﬁeld are (1.35e1.45):(1.1e1.25):1 with the azimuth of shmax being
approximately 82. Under this over-thrust stress regime, shallow
dipping pre-existing fractures will be critically stressed and can be
stimulated with hydraulic pressure much lower than the vertical
overburden stress sv. For these reasons, it is believed that the Ha-
banero stimulations are mainly shear slip in nature with some slips
estimated to be in the order of centimetres based on the magnitude
of the seismicity (Geodynamics, 2014).
Table 1
Summary of the development of the Habanero geothermal ﬁeld.
Well Depth (m) Completion Bottom hole
temperature (C)
Stimulation Volume of water
injected (m3)
Injectivity
(L MPa1 s1)
Number of seismic
events
Note
H1 4421 2003 w250 2003
2005
17,700
17,000
1
1.6
28,000
17,000
H2 4358 2005 2005 3800 Lost in 2005
H3 4221 2008 w245 2008 2200 2 Casing failure in 2009
H4 4225 2012 2012 2500
34,000
4.5
16
27,000
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will produce micro-seismicity that can be detected by an array of
geophones, from which the locations of events can be determined.
It is then reasonable to assume that at least one fracture passes
through any seismic event point, which provides a very useful
means of conditioning fracture models to give more realistic
models of the stimulated reservoir. Seven major hydraulic stimu-
lations were conducted over a period of about ten years with a total
of approximately 80,000 m3 of water injected, as discussed above.
The three most signiﬁcant stimulations were the H1 stimulation in
2003, H1 re-stimulation in 2005, and the H4 stimulation in 2012.
During the 2003 stimulation, more than 28,000 seismic events
were detected with over 22,000 of them successfully located by
seismic signal analysis. The seismicity magnitudes could not be
reliably determined from the geophones but the permanent seis-
mometer network operated by Geoscience Australia recorded some
events with magnitudes between 2.5 and 3.7. In 2005, more than
17,000 events were detected but only about 7000 were successfully
located and the Geoscience Australia network detected only three
events with magnitudes between 2.5 and 3. The 2012 stimulation
produced 27,000 detected events with over 20,000 successfully
located and the maximum magnitude was 3. The growth of the
seismic cloud from the 2012 stimulation is consistent with the 2003
stimulation and together they cover a wider area of over 4 km2 of
the geothermal ﬁeld, compared with approximately 2.5 km2 ob-
tained in the 2003 stimulation. The vertical extent of the seismic
event cloud is approximately 500 m.
Here we use the seismic event cloud from the ﬁrst major
stimulation to demonstrate the ﬁtting of a realistic conditional
fracture model. In this case, eight geophones deployed in wells
surrounding H1 at depths ranging from 100 m to 2300 m were
used to record the seismic events generated by the stimulation
process. A total number of 23,232 seismic events were success-
fully located and their absolute hypocentres are shown in Fig. 1.
Note that in this paper we do not deal with the accuracy of the
derived hypocentres.
Under the assumption that at least one fracture passes through
each detected seismic point, it is possible, at least theoretically, to
ﬁt curved surfaces passing exactly through all seismic points but
such a solution soon becomes impossible to be obtained in practice
when the number of seismic points is signiﬁcant and the fracture
network is complex, as is the case for the Habanero reservoir. A
compromise is to adopt the common approach in stochastic frac-
ture modelling of using planar surfaces to represent fractures. As
real fracture surfaces are tortuous, these planar surfaces can be
considered as approximate ﬁrst order representations in three-
dimensional space. A fracture model thus constructed can be
viewed as a ﬁrst order representation of the reservoir that pre-
serves all major features of the reservoir such as fracture connec-
tivity and ﬂow characteristics, which are important for the ﬂuid
ﬂow and heat extraction analysis of the reservoir.
For such a ﬁrst order approximation, the distance between the
true but unknown curved fracture surface and the ﬁtted planarsurface, which can be approximately evaluated by the distances
of the seismic points associated with the fracture to the ﬁtted
planar fracture, can then be used to assess the goodness-of-ﬁt of
the fracture model. Consider the fracture model (network) as a
series of connected fracture planes, Fi (i ¼ 1, 2, ., n), where n is
the total number of fractures, a seismic event point,
Pj (j¼1, 2,., m) (where m is the total number of seismic event
points) can then be associated with a fracture Fi with the distance
of dj:i. Because of the ﬁrst order approximation of the fracture
model, the complete set of projection distances ¼ {dj:i}, and j will
exhibit random variation from the ﬁtted fracture planes. A
Gaussian model is the most appropriate statistical model to
describe random variation, or noise, from a ﬁrst order approxi-
mation, i.e. dj:i w N(0, s2) where s2 measures the degree of tor-
tuosity of the fracture surfaces. The likelihood for the set of
seismic event points P¼ {Pj}, given a set of ﬁtted fractures
F¼ {Fi}, can then be deﬁned as
f

dj: i
 ¼ Ym
j¼1
f

dj: i
q ¼

1ﬃﬃﬃﬃﬃﬃ
2p
p
s
	m Ym
j¼1
e
ðdj: iÞ2
2s2 (1)
with the set of parameters q = {xi, yi, zi, ai, bi, gi, ai, bi} (i ¼ 1,2,.,n),
where (xi, yi, zi) are the coordinates of the centre of fracture plane i;
(ai, bi) are the major and minor axes of the ellipse containing the
fracture polygon; (ai, bi) are the dip direction and dip angle of the
fracture plane; and gi is the rotation angle of the major axis of the
ellipse against the dip direction of the fracture plane. The param-
eter space q is obviously signiﬁcant and no direct solution is
possible. One approach developed recently is to use Markov Chain
Monte Carlo (MCMC) to sample the space q to derive a set of values
of the constituent variables. Details can be found in Xu et al. (2013)
and Mardia et al. (2007). Fig. 2 is a fracture model for the Habanero
reservoir derived using this approach.Fig. 1. Absolute hypocentre locations of the seismic events.
Fig. 4. The major faults captured by the PANSAC model.
Fig. 2. Habanero fracture model derived by MCMC optimisation.
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and surface association consensus (PANSAC) approach (Xu and
Dowd, 2014), which effectively ﬁts a stochastic fracture propaga-
tion (SFP) model. The SFP model attempts to follow the fracture
propagation sequence during the reservoir stimulation process and
has been demonstrated to produce a model much closer to reality
than models generated by other approaches based on assessments
of reservoir characteristics (Xu and Dowd, 2014). Other recent ap-
proaches include the random sampling consensus (RANSAC)
approach (Fadakar et al., 2013) and the clustering approach
(Seifollahi et al., 2014a, b).
Fig. 3 shows a fracture model for the Habanero reservoir
generated by the PANSAC algorithm. The model follows closely
the gentle dipping (to southwest) feature of the seismic point
cloud. A signiﬁcant portion (42%) of the fractures has dip angles
less than 30, which is consistent with other analyses (Baisch
et al., 2006). Based on the mud responses during the drilling of
the Habanero wells, it is believed that there is a gentle dipping
fault running across the reservoir. This fault was conﬁrmed by the
circumferential borehole imaging log (CBIL) of H3 which in-
dicates a 5e6 m thick fault zone between depths of about 4179e
4184 m and a 1 m thick shear zone between 4180 m and 4181 m
suggesting the actual location of the fault plane. This fault plane
was clearly captured in the PANSAC fracture model as shown in
Fig. 4 where the ﬁtted plane has the highest association with
seismic points (293 points, see Xu and Dowd (2014)). It is also
interesting to note that the PANSAC statistical analysis indicates
5 m as the bandwidth of the variation in fracture tortuosity,
which would be equivalent to the width of a fault plane. Fig. 5Fig. 3. Habanero fracture model generated by the PANSAC algorithm.shows the eight most signiﬁcant fractures ﬁtted to the Habane-
ro reservoir; these fractures have the eight highest numbers of
associated seismic points. Clearly the trend of fracture propaga-
tion, dipping slightly to the southwest as evident from the
seismic point cloud, is captured in the model.
Conditional fracture models, such as those discussed above, are
essential for realistic modelling of ﬂuid ﬂow and heat transfer in the
reservoir. Although the major fault connects all wells directly, other
fractures are equally, if not more, important for the geothermal
ﬂuid ﬂow, particularly for heat extraction. This is conﬁrmed by the
tracer test described above which suggests the major ﬂow paths
between H1 and H3 may not necessarily be only along the major
fault connecting the twowells; a signiﬁcant portion of the ﬂowwillFig. 5. The eight most signiﬁcant fractures ﬁtted to the Habanero seismic data.
Fig. 7. Reservoir ﬂow (a) and temperature (b) models of H1eH3 doublet.
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ﬂuid ﬂow and heat transfer models for this reservoir are largely
based on an oversimpliﬁed single fracture model representing the
major fault (Vörös and Weidler, 2006; Vörös and Rothert, 2009).
Recent models are more realistic as they address the complexity of
the fracture network in the reservoir either by using the MINC
concept (Pruess and Narasimhan, 1985) implemented in TOUGH2
(Pruess et al., 1999) to model the fracture network (Geodynamics,
2014) or by using a fracture model such as that discussed above
(Xu et al., 2015). For example, a connectivity analysis (Xu et al.,
2012) of the fracture model displayed in Fig. 2 shows that there is
a total of 27,293 possible connection channels through the fracture
network between the two wells (H1 and H3). These connection
paths are derived using the shortest path algorithm while consid-
ering all possible paths from a fracture intersection trace to the two
wells.
In this connectivity analysis (Fig. 6), H1 is clearly well-connected
to the surrounding rocks through the fracture model, which is ex-
pected because the fracture stimulation originates at this well. The
much lower connection between H3 and the surrounding rocks is
also expected as H3 does not contribute to the 2003 fracture
stimulation on which this fracture model is based. Once the
connection paths are derived, simulation of ﬂow within the reser-
voir can proceed and one of the simplest approaches is to use the
equivalent pipe network model which can signiﬁcantly reduce the
computational cost for large-scale projects (Dershowitz and
Fidelibus, 1999; Xu et al., 2014). Fig. 7a shows the corresponding
ﬂow model of the reservoir based on this approach. For heat
extraction, we have recently developed a simpliﬁed heat transfer
(between ﬂuid and rock) approach, the effectiveness of which has
been demonstrated for large-scale and long time-span modelling
(Xu et al., 2015). Fig. 7b shows the simulated temperature distri-
bution within the Habanero reservoir after 20 years of heat pro-
duction based on the fracture network model shown in Fig. 2.5. Capacity for carbon sequestration of the Habanero
geothermal ﬁeld
The geothermal power produced from a geothermal reservoir
depends onmany variables. From the perspective of ﬂow, the major
factors are the ﬂow rate (which, in turn, depends on ﬂuid density
and viscosity), the speciﬁc heat of the ﬂuid and the heat transfer
coefﬁcient between the ﬂuid and the rock. The geothermal power
generation of the H1eH3 doublet has been modelled using
different ﬂow rates (Vörös and Rothert, 2009; Xu et al., 2015). Xu
et al. (2015), using a ﬂow rate of 35 L/s, modelled the productionFig. 6. Connection channels between H1 and H3.temperature and the geothermal power generated from the
doublet over a 20-year production period as shown in Fig. 8.
These ﬁgures suggest a ratio of power to ﬂow rate of 0.58 MW/
L at the beginning of heat extraction. Other models give a ratio of
0.55 MW/L using a circulation rate of 15 L/s and a ratio of
0.57 MW/L using a ﬂow rate of 25 L/s, even though they used
different modelling approaches (Vörös and Rothert, 2009). The
drops in production temperature and geothermal power after 20
years of continuous heat production are 50 C and 7 MW using a
ﬂow rate of 35 L/s, 34 C and 3.6 MW for a ﬂow rate of 25 L/s, and
15.5 C and 1 MW for a ﬂow rate 15 L/s. As discussed above, the
closed-loop circulation test of the H1eH4 doublet achieved a ﬂow
rate of 18.9 L/s and a production temperature of 215 C at the end
of the test, which is equivalent to geothermal power of approxi-
mately 10 MW. The power to ﬂow rate ratio is therefore 0.53 MW/
L and the models for the H1eH3 doublet give reasonably close
answers. Based on these assessments, it is reasonable to use a
conservative ﬁgure of 0.5 MW/L to approximate the geothermal
power that could be generated from the Habanero reservoir. Note
for the H1eH4 doublet circulation test, the electricity power
generated is 1 MW, indicating a geothermal power utilisation ef-
ﬁciency of 10%, which is within the typical range of 6%e20% of
geothermal power plants.
Pruess (2006) reported a detailed ﬂuid ﬂow and heat extraction
analysis of the scenario of using scCO2 as a working ﬂuid for a hy-
pothetical EGS reservoir. He used a traditional ﬁve-spot well
pattern with the injection well located in the centre and the four
productionwells located at the four corners of a square over an area
of 1 km2. The reservoir temperature was 200 C with a pressure of
Fig. 8. Changes of production temperature and reservoir power generation with time.
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20 C and a production pressure of 49MPa. The formation thickness
modelled was 305 m. Fractures in the EGS reservoir were modelled
with three orthogonal fracture sets with 50 m spacing and the
matrix blocks were assumed to be impermeable and were sub-
gridded into ﬁve continua using the multiple interacting continua
(MINC) approach. The TOUGH2 code was used for the analysis.
From the simulation results, Pruess (2006) concluded that using
scCO2 instead of water as the working ﬂuid and under the same
operating conditions, the mass ﬂow rate increases by a factor of 3.7
initially and rises to 4.7 after 36 years of production due to the
lower viscosity of scCO2 and the extra buoyancy force; the heat
extraction rate (or geothermal power generated) increases by about
1.5 times initially, gradually rises to a maximum ratio of 1.7 times in
about 16 years and then gradually decreases to about 1.4 times after
36 years of production. For the cases examined, whenwater is used
as the working ﬂuid, the ﬂow rate is 80 kg/s, the geothermal power
extracted is 60 MW and hence the power to ﬂow rate ratio is
0.75 MW/L. But when scCO2 is used, the ﬂow rate is 300 kg/s, the
heat extraction rate is 92 MW and the ratio is 0.31 MW/kg, or
0.18 MW/L using a ﬂuid density of 580 kg/m3 for scCO2, which is
about 24% of that when water is used per volume of ﬂuid passing
through the reservoir. Based on these assessments, it is reasonable
to assume, for the Habanero reservoir, that if scCO2 is used as the
working ﬂuid, the ﬂow ratewould be increased by at least 3.5 times
and the heat extractionwould be increased by at least 1.5 times. For
example, if scCO2 is used for the H1eH4 doublet in current con-
ditions, the ﬂow rate would be 66 kg/s and the geothermal power
extracted would be 15 MW.It is widely acknowledged that some of the ﬂuid circulation in an
EGS reservoir will be lost to the surrounding formations. This ﬂuid
loss is undesirable if the working ﬂuid is water, but is an added
advantage if scCO2 is used as the CO2 lost in circulation will be
permanently stored in these formations. There are various mech-
anisms by which ﬂuid loss can occur, as discussed in previous
sections, but one of the major losses is by diffusion through the
pores in the rock matrix, which is also considered to be one of the
safest means of geological storage of CO2. The rate loss to the pores
is a function of many variables in the EGS, i.e.
Q ¼ f(A1, A2, F, Pr, PN, T, k, 4, r, n, s, t, .) (2)
where A1 is the area of major ﬂow paths and A2 is the contact area
between the ﬂuid, both of which, in turn, depend on the fracture
model Fwithin the reservoir and its connectivity; Pr is the reservoir
pressure and PN is the background pore pressure; T is the reservoir
temperature which in general signiﬁcantly inﬂuences the hydro-
dynamic properties of the ﬂuid; k and 4 are the permeability and
the porosity of the rock matrix, respectively, which largely dictate
the ﬂow rate within the rock matrix and, together with the satu-
ration status s of the pores with other species, determine the total
capacity available; r and n are the density and viscosity of the ﬂuid,
respectively, which affect the ﬂow characteristics; and t is the time
as the loss rate is expected to be higher initially and then gradually
reduce to zero (e.g. the ﬂuid loss in the Fenton Hill Phase I system
reduces to around 1% after 75 days of ﬂuid circulation, see Brown
et al. (2012)) when all possible spaces surrounding the reservoir
are fully saturated in the case of a conﬁned reservoir. A1 and A2 are
two critical factors in this relationship as all ﬂuid loss has to occur
through this ﬂuid-rock interaction area. These areas can be esti-
mated once the conditional fracture model F, such as the one dis-
cussed above, has been derived. Note that A2 includes the total area
of all the fractures within the reservoir even if they do not partic-
ipate in transporting the geothermal ﬂuid for heat production.
These fractures are also expected to be pressured in the heat
extraction process and will therefore participate in dissipating the
ﬂuid into the rockmatrix. This area is directly related to the fracture
density P32 and a rough estimate for the Habanero reservoir of 0.3
was given in Xu and Dowd (2014) based on the PANSAC fracture
model.
The derivation of the function Q is difﬁcult unless signiﬁcant
simpliﬁcations are introduced. For example, if a single fracture
model is used, the relationship can be derived assuming a Darcy
ﬂow. But oversimpliﬁcation may degrade or eliminate the effects of
the major mechanisms that govern the sequestration process, e.g.
the ﬂuid-rock intersection network. Experience from other EGS
projects can at least provide a rough numerical approximation of
the potential ﬂuid loss during EGS heat extraction. The circulation
test in the Fenton Hill Phase II system indicated a ﬂuid loss as high
as 17% initially followed by a gradual reduction to around 7%
(Brown et al., 2012). As the Habanero reservoir is over-pressurised,
it is possible to maintain the production rate at the injection rate for
a short period of time, as was done in the closed-loop tests between
H1 and H3 in 2005 and H1 and H4 in 2012. However, this opera-
tional arrangement does not mean there is no loss of the injection
ﬂuid to the surrounding rock mass and all injected ﬂuid is fully
returned. In fact, signiﬁcant mud losses during drilling of the Ha-
banero wells and the loss of tracers during the two tracer tests
(H1eH3 in 2008 and H1eH4 in 2013) indicate that a signiﬁcant
amount of injected ﬂuid is lost to the surrounding rock mass. Based
on the ﬁgures obtained from the Fenton Hill project, Pruess (2006)
suggested 5% as a reasonable estimate of the ﬂuid loss when scCO2
is used as the working ﬂuid to drive EGS heat extraction. This ﬁgure
has since been used often in the literature (e.g. Frank et al., 2012).
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lation requirement is approximately 44 kg/s of scCO2 per MW of
electric power produced, which is about twice the estimate of
21.8 kg/s used in Pruess (2006). However, it must be noted that in
Pruess (2006), the overall geothermal energy utilisation efﬁciency
used (including mechanical work efﬁciency and heat exchange ef-
ﬁciency) was 0.17, compared with 0.1 for the Habanero pilot plant
output. If 0.17 is used instead of 0.1 for the utilisation efﬁciency, the
ﬂuid circulation requirement for the Habanero reservoir would be
reduced to 25.9 kg/s of scCO2 per MW of electric power, close to the
ﬁgure given in Pruess (2006). Based on the suggested ﬂuid loss ﬁgure
and the actual pilot plant operation data for the H1eH4 doublet, the
CO2 losses would be around 2 kg/s per MW of electric power
generated, again about twice the ﬁgure suggested by Pruess (2006).
This would amount to around 63,000 t of CO2 being sequestered per
year per MW of electric power produced. For the doublet, a total of
94,500 t of CO2 per year could be sequestered as the electric power
produced is expected to be 1.5 MW if scCO2 is used.
Geodynamics has nowmoved to the next phase in the potential
commercial exploitation of the Habanero geothermal ﬁeld. In the
Geodynamics Field Development Plan (FDP, Geodynamics, 2014),
the base project consists of six wells with a total production rate of
105 kg/s at a temperature of 220 C yielding geothermal power of
57 MW. The nominal electric power is 7.5 MW using the new
Organic Rankine Cycle (ORC) plant technology with an overall
utilisation efﬁciency of around 13%. Using the ratios discussed
above, if scCO2 is used as the working ﬂuid for the base project
under the same conditions, the production rate would be 368 kg/s
and the electric power 11MWassuming the same overall utilisation
efﬁciency. For the base project, 33 kg/s of scCO2 per MW of electric
power produced is needed for the circulation. Based on 5% ﬂuid
loss, this is equivalent to 52,000 t of CO2 being sequestered per year
per MW of electricity produced. For the entire base project, a total
of 572,000 t of CO2 per year could be stored. The base project covers
approximately 2 km2  500 m with a six-spot well pattern.
Compared with Pruess’ modelling results, the total sequestration
ﬁgure is relatively small as Pruess’ simulation suggests a seques-
tration of around 404,000 t of CO2 per year with an EGS reservoir
covering 1 km2 308mwith a ﬁve-spot well pattern. Nevertheless,
the 572,000 t potential CO2 sequestration per year may over-esti-
mate the storage capacity of the Habanero ﬁeld (the reservoir plus
the surrounding area) and it seems an unrealistically high capacity
compared with several past and current CO2 sequestration projects
(Li et al., 2013a; ACCA21, 2014; Lv et al., 2015), particularly given the
fact that the key purpose of a CO2-EGS is for energy production and
CO2 sequestration is only a by-product. The porosity of theTable 2
Comparative study of the power generation and CO2 storage capacity of CO2-EGS.
Model Model size
(km2  m)
Temperature (C) Water/brine as the workin
Flow rate
(A) (kg s1)
Geothermal
(B) (MW)
Pruess’s model 1  305 200 (reservoir) 80 60
H1eH3 doublet w1.5  500 225/231/236 (production) 15/25/35 8.2/14.3/20.3
H1eH4 doublet w1.5  500 215 (production) 18.9 10
Habanero FDP 2  500 220 (production) 105 57
Model scCO2 as the working ﬂuid
Flow rate
(C) (kg s1)
Geothermal
power
(D) (MW)
Power to ﬂow
ratio (¼D/C)
(MW kg1 s1)
Electrical power,
scCO2 (MW)
F
(k
Pruess’s model 300 92 0.31 15.64 2
H1eH3 doublet
H1eH4 doublet 66 15 0.23 1.5 4
Habanero FDP 368 85.5 0.23 11 3Habanero reservoir was estimated to be 1.4% for stimulated frac-
tures and 0.36% for the damaged area based on history matching of
the most recent H1eH4 tracer test. The porosity of the intact rock
matrix was estimated to be 0.3%. Using 0.3% and assuming all voids
are fully ﬁlled with CO2, 572,000 t of CO2 would cover a total
reservoir volume of 3.29  108 m3, equivalent to a cuboid of 690 m
side length. Using an upper value of 103 mD as the permeability
for the granite matrix (Bundschuh and Suárez-Arriaga, 2010) and a
reservoir pressure of 100 MPa, according to Darcy’s law, it would be
impossible for CO2 to travel a distance of even 100 m within one
year even if a 100 MPa/m pressure gradient is assumed throughout
the domain. On the other hand, it could be argued that the majority
of ﬂuid loss is to the stimulation damaged zone which has direc-
tional permeability in the east-west, north-south and vertical di-
rections of 29 mD, 58 mD and 10 mD, respectively, estimated from
the history matching of tracer and circulation test data. These
permeability ﬁgures are several orders of magnitude higher than
that of the rock matrix, for which Geodynamics suggested a ﬁgure
of 107 mD (Geodynamics, 2014). Using 0.36% porosity for the
damaged zone with a bandwidth of 5 m, the base project area of
2 km2 and a vertical extent of 500 m (i.e. total reservoir volume of
1  109 m3), 572,000 t of CO2 stored only in the damaged zone
would suggest a total stimulated fracture area of 5.5107m2which
gives a value of 0.055 for fracture density P32. This value is modest
and certainly quite possible but there is an obvious issue for the
long-term storage capacity of the damaged zone. The total volume
of the damaged zone is more or less ﬁxed after stimulation and the
zone will contribute to ﬂuid transport during the production pro-
cess. Its storage capacity will diminish once its void space is fully
saturated. Even if a P32 value of 0.3 is used, the storage capacity of
the damaged zone would reduce to zero by about 5.5 years with a
constant sequestration rate of 572,000 t/a (in reality it would be a
higher sequestration rate initially followed by a gradual reduction
to zero). These ﬁgures suggest that the major mechanisms of CO2
sequestration are the storage in the stimulation damaged zone
followed by diffusion into the pores of the rock matrix. The 5% of
ﬂuid loss in a CO2-EGS may be an over-estimate of the long-term
storage capacity of EGS reservoirs. We have not considered
leakage in this study because it is not a critical issue for the Ha-
banero ﬁeld given the signiﬁcant depth of the reservoir (>4 km)
and the geological setting. The injection tests conducted on the
Habanero wells indicate that Habanero is a conﬁned reservoir
tightly sealed from the overlaying sediments. Table 2 provides a
summary of the ﬁgures used in this comparative study.
Another factor to be considered is that, in the case of the Ha-
banero ﬁeld, the reservoir is over-pressurised, possibly fullyg ﬂuid Comparisons
power Power to ﬂow ratio
(¼B/A) (MW kg1 s1)
Electrical
power (MW)
Flow rate
ratio (¼C/A)
Geothermal power
ratio (¼D/B)
0.75 3.75 1.53
0.55/0.57/0.58
0.53 1 3.5 1.5
7.5 3.5 1.5
CO2 sequestration capacity Reference
luid requirement
g s1 MW1)
Fluid
loss (%)
Sequestration
capacity (t a1)
1.8 @ 17% utilisation 5 404,000 Pruess (2006)
Vörös and Rothert (2009);
Xu et al. (2015)
4 @ 10% utilisation 5 94,500 Geodynamics (2014)
3 @ 13% utilisation 5 572,000 Geodynamics (2014)
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reservoir de-pressurising (e.g. using open ﬂow) may be necessary
which would then be followed by the displacement of water by
scCO2. There has been a considerable amount of research done in
the latter area and a detailed discussion is beyond the scope of this
paper. Interested readers are referred to Li et al. (2013b, 2014). One
potential issue is when CO2 is mixed with water it can form highly
corrosive acidic ﬂow which may cause considerable dissolution/
precipitation problems in the reservoir and corrosion/scaling in the
pipes. Of course, there is an added advantage of this scenario as the
produced brine can be desalinated to produce fresh water (Li et al.,
2015a), which is a scarce resource in the Habanero region.
6. Conclusions
This paper assesses the CO2 sequestration potential of the Ha-
banero geothermal ﬁeld in the Cooper Basin of South Australia if
scCO2 is used as the working ﬂuid to generate heat production. The
existing H1eH4 doublet is estimated to be capable of storing
94,500 t of CO2 per year based on the conditions prevailing during
the pilot plant demonstration operation. The next stage base
project with a six-spot well pattern is estimated to be capable of
storing 572,000 t of CO2 per year. These ﬁgures are calculated on the
assumption of 5% ﬂuid loss normally used in CO2-EGS. The analysis
of the sequestration capacity of the Habanero ﬁeld suggests that the
major CO2 sequestration mechanisms are the storage in the stim-
ulation damaged zone and diffusion into the rock matrix; 5% of
storage capacity might be an over-estimate of the long-term per-
centage of ﬂuid that is lost in circulation and mineral trapping in a
typical HDR EGS such as the one in the Habanero ﬁeld.
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